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ABSTRACT
Both abiotic conditions and herbivores have been shown to limit the distribution of plants.  
This study investigates interactive effects of habitat quality and ungulate herbivory on the fitness 
of a monocarpic wildflower, scarlet gilia (Ipomopsis aggregata) to further elucidate reasons for 
its absence in nutrient rich montane meadows in Flagstaff, AZ.  Scarlet gilia is commonly found 
on slopes with disturbed and relatively nutrient poor soil.  Using transplant experiments in 1992 
and 2002, we show that higher levels of soil nutrients have an opposite effect on plants protected 
from herbivores and those exposed to herbivores, whereby protected plants show increased 
growth and fitness and unprotected plants experience increased levels of herbivory by deer and 
elk leading to severe undercompensation for herbivory.  In a more in-depth study in 2009 no 
interaction between site and herbivory is detectible, and instead plants transplanted to the 
nutrient-rich montane meadow perform significantly worse regardless of herbivory.  Differences 
among years may be due to differences in precipitation or differences in transplanting methods 
that may affect the ability of transplants to gain access to soil nutrients.  Other aspects of 
montane meadows such as lower levels of disturbance and increased belowground competition 
may also have fitness impacts on scarlet gilia and may limit its establishment in these habitats.
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CHAPTER 1: INTRODUCTION
Understanding the distribution and abundance of species is one of the primary goals of 
ecology as a discipline.  Traditional niche models predict that a combination of abiotic factors 
(fundamental niche) and competition for resources determine where a species can be found 
(realized niche) (Hutchinson 1957).  We also know that interactions with herbivores can act to 
limit the distribution of plant species and that these interactions are often context dependent 
(Fine et al. 2004; Louda and Rodman 1996; Maron and Crone 2006).  For example Fine et al. 
(2004) showed in a study of 20 plant species that clay soil specialists were excluded from white 
sand habitats because they were less well defended than white sand specialists and the cost of 
replacing tissue was too high in the nutrient-poor white sand habitat. Louda and Rodman (1996) 
showed that bittercress was limited to shaded habitats simply because the abundance of insect 
herbivores was higher in less shaded habitats. Interactive effects of habitat and herbivory, or 
uneven distribution of herbivores between sites can therefore limit the spread of plant species.
The idea that herbivory could exclude plant species from habitats, especially if abiotic 
conditions or the competitive environment are already unfavorable, makes intuitive sense.  
Herbivory, however, is not always detrimental to plant fitness. Several examples of 
overcompensating plants exist (Huhta et al. 2003; Paige and Whitham 1987; Rautio et al. 2005), 
one of the most notable being the wildflower Ipomopsis aggregata (Pursh) V.E. Grant 
(Polemoniaceae).  Ipomopsis aggregata is a monocarpic biennial or perennial herb that when 
eaten by ungulates in early spring is able to regrow with multiple inflorescences (Paige and 
Whitham 1987).  This regrowth can result in a 2.4-fold increase in fruit and seed number 
compared to uneaten plants.  Because no significant differences between browsed and unbrowsed 
individuals have been found for the numbers of seeds produced per fruit, seed mass, germination 
success, or subsequent seedling survival, total fruit production represents an accurate measure of 
lifetime plant fitness making I. aggregata an ideal system for studying plant tolerance to 
herbivory.
The compensatory ability of I. aggregata is context dependent.  For example, Levine and 
Paige (2004) show that under severe drought conditions plants severely undercompensate for 
1
ungulate herbivory because of reduced ability to replace lost tissues and increased herbivore 
intensity due to lower browse quality and abundance. The compensatory ability of I. aggregata 
also varies geographically among populations ranging from under to overcompensation with 
equal compensation being the most common response (Bergelson and Crawley 1992; Bergelson 
et al. 1996; Paige 1994; Paige 1999). In a study on a closely related species, I. arizonica with a 
similar life-history and growth form, Maschinski and Whitham (Maschinski and Whitham 1989) 
showed that compensatory ability decreases as competitive interactions increase, as nutrient 
availability decreases, and as the timing of herbivory occurs later in the growing season.
The interactive effects of habitat attributes and herbivory on the distribution of an 
overcompensating plant are unknown, but are potentially important in determining the 
distribution of I. aggregata.  In this study we investigate the impacts of herbivory, soil 
conditions, and competition on the fitness and compensatory ability of I. aggregata, and on its 
distribution, specifically its absence from a nutrient-rich montane meadow within dispersal 
distance of an historically large population of I. aggregata.
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CHAPTER 2: METHODS
Study species
Ipomopsis aggregata (Polemoniaceae) is a monocarpic biennial or perennial wildflower of 
western montane regions.  After germination it spends 1-8 years as a vegetative rosette before 
bolting (Paige and Whitham 1987).  Bolting plants send up a single inflorescence and flower 
from mid July to late September.  Pollinators include two hummingbirds, the broad-tailed 
hummingbird (Selasphorus platycercus) and the migrant rufous hummingbird (Selasphorus 
rufus) and a single hawkmoth species, the white-lined sphinx (Hyles lineata) (Paige and 
Whitham 1985). Previous studies show that an average of 77% of bolting plants (range 
64%-91%) are browsed by elk (Cervus elaphus) and mule deer (Odocoileus hemionus) during 
the period of inflorescence elongation, removing approximately 95% of their above ground 
biomass (Gronemeyer et al. 1997; Paige 1992b; Paige 1994; Paige 1999; Paige and Whitham 
1987).  Plants regrow with an average of five lateral stems, and this change in architecture can 
result in browsed plants having up to 2.5 times as many fruits as uneaten plants.
Study sites
Whitehorse Meadow is located along forest road 151, approximately 20 km north of 
Flagstaff, AZ in the foothills of the San Francisco Peaks.  The meadow is surrounded on all sides 
by ponderosa pine (Pinus ponderosa) forest.  The I. aggregata population is concentrated mostly 
on the western slope of the meadow, with some individuals on the eastern slope.  All together the 
population has been estimated at >150,000 individuals (Anderson and Paige 2003).  We utilized 
two of four long-term ungulate exclosures located along a transect on the western slope of the 
site—the northernmost exclosure (WH-A) at the edge of the I. aggregata population, and an 
exclosure at the center of the transect (WH-C).  These plots are separated by about 60 m.
Hart Prairie Preserve is a montane meadow approximately 3.5 km south of Whitehorse 
Meadow maintained by The Nature Conservancy primarily to protect a population of Bebb’s 
willow (Salix bebbiana).  Several long-term ungulate exclosures on this property protect 
regenerating Bebb’s willow and quaking aspen (Populus tremuloides) from excessive herbivory.  
3
Ipomopsis aggregata occurs sparsely in Hart Prairie with the largest grouping (ca. 15 
individuals) in the northern part of the property and only a few individuals at two other locations 
on the property. The western edge of the property is bounded by Fern Mountain, which 
historically supported a fairly large population of I. aggregata [>5,000 flowering individuals in 
1982 (Paige 1988)], although the current distribution of I. aggregata on Fern Mountain is 
restricted to a transition zone between ponderosa/white pine forest and open montane meadow 
(personal observation).  A total of four of the long-term exclosures on the south end of the 
property were utilized for this study.  In all three years of the study an exclosure protecting two 
Bebb’s willow surrounded by open meadow (Hart C) was used.  In 1992, an exclosure protecting 
a stand of Bebb’s willow about 400 m east of Hart C was also utilized (“Far”).  In 2009 an 
exclosure at the base of Fern Mountain (Hart D), and an exclosure protecting a regenerating 
aspen stand (Hart E) were used in addition to Hart C. 
Both sites are at roughly 2,500 m in elevation and receive an average 54.82 cm of 
precipitation per year (50 year average of 1959-2009, data from NOAA weather station at 
Flagstaff Pulliam Airport).
Transplanting
Transplant experiments were performed in three years: preliminary experiments in 1992 and 
2002, and a more in-depth study in 2009.  
To assess variation in the outcome of interactions between scarlet gilia and its ungulate 
herbivores and to gain insight as to why scarlet gilia does not naturally grow within the lush 
montane meadows of the San Francisco Peaks, comparisons of flower and fruit production 
between browsed and unbrowsed plants were made within natural sites and an experimental site 
located in a montane meadow (Hart Prairie Preserve). 
In 1992, an experimental population of I. aggregata was established within Hart Prairie 
Preserve.  To accomplish this, 96 rosettes approximately 4.5 cm in diameter were selected in late 
July from the Whitehorse Meadow population and transplanted to one-gallon pots.  Rosettes 
were watered daily for approximately one week allowing them to overcome any transplant shock 
and then translocated, planted, and watered daily until establishment.  Fern Mountain, which is in 
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closer proximity to the site receiving transplants, was not used as a source for transplants due to 
its relatively small I. aggregata population.  Half of the plants, 48, were transplanted inside 
fenced exclosures to exclude ungulates and the remaining half were planted outside the 
exclosures.  Plants were equally split between two exclosures (Hart C and Far); 24 inside and 24 
outside each exclosure.  Plots were prepared for transplanting by overturning the soil and 
removing all plants and plant roots.  All plants overwintered and flowered in the following year.  
In early September, at the end of the flowering season, a randomized subsample of 20 plants 
from Hart C (10 inside, 10 outside) and 15 plants from the Far exclosure (5 inside, 10 outside) 
were collected to assess plant fitness. Ten browsed and 10 unbrowsed plants were also collected 
haphazardly from the Whitehorse Meadow and Fern Mountain populations at the end of the 
flowering season to assess plant fitness in the natural population. 
In 2002, this experiment was repeated with 48 rosettes.  Half of the plants, 24, were 
transplanted inside a single fenced exclosure (Hart C) to exclude ungulates and the remaining 
half were planted outside the exclosure. All transplants were collected in early September in 
addition to 30 browsed and 30 unbrowsed plants from the Whitehorse Meadow population.  
In August of 2008, 500 haphazardly chosen scarlet gilia rosettes were transplanted from 
Whitehorse Meadow into one-gallon pots.  Plants were watered and maintained in pots for no 
more than five days before being planted in two plots at Whitehorse Meadow and three plots at 
Hart Prairie (C, D, and E, see site description).  When transplanting we took care to dig holes 
only as large as necessary to minimize effects of soil disturbance. Each plot consisted of 50 
rosettes planted inside of a permanent ungulate exclosure and 50 rosettes planted outside of the 
exclosure.  Rosettes were watered thoroughly at the time of transplanting and again two days 
later.  In September 2009, senesced transplants were dug up and transported to Illinois.  
In all years the rosettes planted outside permanent exclosures were protected from ungulates 
with wire mesh cages over the winter.
Data collection
In all three years, fruit and flower number were counted on senesced plants and basal stem 
diameter was measured as an assessment of size. In 2009, additional data were collected and a 
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manipulative clipping treatment was added to allow us to understand the effects of habitat on the 
ability of I. aggregata to replace lost tissue without the added confound of potential changes in 
herbivore behavior between sites.
Between May 17 and 18, 2009, we labeled all surviving rosettes at each plot and took initial 
measurements of plant height (from the ground to the height of tallest leaf to the nearest 0.1 cm) 
and stem diameter of all bolting plants (with digital calipers to the nearest 0.1 mm).  Any damage 
to the apical meristem that had occurred over the winter was also noted. On May 22 and 23 
roughly half of the undamaged plants in exclosures were clipped to simulate ungulate herbivory.  
The remaining stem height after removal was less than 5 cm in all cases.  The temporary cages 
on rosettes planted outside of the exclosures were removed on the same day that plants were 
clipped.   Beginning two weeks after the temporary cages were removed, we made observations 
of herbivory on individual transplants every other week. We recorded the number of shoots eaten 
and the branching structure of plants (number of primary, secondary, tertiary laterals) and were 
therefore able to determine if new herbivory had occurred since the last record.  In 2009 we also 
collected data on dry plant root and shoot weight in addition to fruit number, flower number, and 
final stem diameter. 
Herbivory
Fitness impacts of herbivory and site.  To determine the impacts of site and herbivory on the 
fitness of I. aggregata, separate analyses were conducted for each year on flower and fruit 
number.  Additionally, we investigated effects of site and herbivory on proportion fruit set and 
aboveground plant biomass for the 2009 transplant experiment.
For the 2009 experiment, we also quantified the effects of ungulate herbivory using the 
following estimates:
a) Incidence of herbivory, defined as the percentage of plants damaged per site. This was 
calculated separately for early browsing and cumulative summer browsing.  Early browsing was 
measured by checking plants two weeks after temporary cages were removed and noting 
herbivory on the main inflorescence.  Cumulative summer browsing was determined by the 
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percentage of plants that received some herbivory at some point between June 15 and August 10 
on either main stems or laterals.
b) Frequency of herbivory, defined as the number of bouts of herbivory plants received.  This 
was quantified by noting herbivory and the branching structure of individual plants when 
conducting morphological measurements (e.g. main stem and 4 of 5 primary laterals browsed = 2 
bouts).  
c) Intensity of herbivory, defined as the percentage tissue removed per damaged plant. To 
calculate this we compared main stem heights at the time of initial measurement (i.e. before 
browsing) to main stem heights of browsed plants two weeks after the temporary cages were 
removed.  Using these two heights we estimated the amount of tissue removed by ungulates and 
calculated the percentage of tissue (by height) removed. 
Soil collection
Soil cores were collected on June 23, 2009 for soil nutrient analysis.  Three composite 
samples per plot were sent to Iowa State University soil and plant analysis laboratory for analysis 
of phosphorus, potassium, % total nitrogen, nitrate, ammonium, and % organic matter.  We 
simultaneously collected four soil cores per plot in sealed aluminum sample tins for gravimetric 
moisture determination.  Tins were weighed to the nearest 0.01 g, dried at 110ºC for two days, 
and then weighed again.  Gravimetric moisture content was determined as the difference between 
wet and dry weights divided by dry weight. 
In early June, 2009, we collected soil for measurements of soil matric potential using the 
filter paper method described by Deka et al. (1995).  Whatman no. 42 filter papers were allowed 
to equilibrate with soil samples (four per plot) and the gravimetric moisture of the filter papers 
was calculated and used to determine soil matric potential using the equation provided for high 
matric potential soils (Deka et al. 1995).  Using the equation for low matric potential soils did 
not change the results.
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Competition
To compare estimated levels of competition experienced by I. aggregata plants between sites, 
we subsampled 20 plants at each plot (half caged and half uncaged) on August 10, 2009, and 
collected all aboveground plant biomass within a 6 inch radius of the focal I. aggregata 
individual.  This plant material was collected in paper bags and dried at 60ºC to constant mass in 
a drying oven before weighing to the nearest 0.01g.  
Analyses
Fitness impacts of herbivory.  Differences in fruit and flower number between clipping 
treatments and sites were analyzed using a generalized linear model with negative binomial 
errors and a log link for all three years of data.  Initial data exploration for the 1992 data showed 
interactions between stem diameter and site, so rather than using stem diameter as a covariate, a 
separate two-way ANOVA was conducted to show the effects of site and herbivory treatment on 
natural log transformed stem diameter.  Stem diameter data was not available for all treatments in 
2002 (see results).  
For all fitness analyses of the 2009 data, the following data points were excluded in the 
following order: 1) plot D at Hart Prairie (n=80), since the herbivory it received was small 
mammal herbivory and the herbivory exclusion treatment was not designed to exclude small 
mammals (see results), 2) plants that did not survive or were otherwise not collected at the end of 
the summer (n=57), 3) plants that did not have a recorded initial stem diameter due to abnormal 
growth from over-winter damage (n=70), 4) all other plants noted as receiving over-winter 
damage (n=53).  This leaves 116 plants across all treatments available for analyses.  The data 
used for these analyses are non-orthogonal due to missing values and unequal sample sizes.  In 
addition to flower and fruit number, analyses of fruit set and aboveground biomass were 
conducted for the 2009 experiment.  For each of these response variables, herbivory treatment 
with three levels (unclipped, one bout of simulated or natural herbivory, and unprotected natural 
herbivory) and site with two levels (Whitehorse, and Hart) were included as factors in the initial 
model.  Initial stem diameter was used as a covariate.  Fruit-set was modeled using a generalized 
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linear model with binomial errors (logit link) and quasi-likelihood methods due to over-
dispersion.  Natural log transformed biomass was analyzed using a two-way ANOVA.  
Additional measures of herbivory for 2009.  Incidence of herbivory data were analyzed with 
a chi-square test with the observed numbers of browsed plants at each site.  Expected numbers 
were calculated by multiplying the average proportion of plants browsed across both sites by the 
sample size for each site, i.e. we tested the null hypothesis that the total herbivory received was 
distributed evenly between sites considering the sample sizes at each site.
For frequency of herbivory, the response variable, number of bouts of herbivory, was 
normally distributed and analyzed with a linear mixed effects model with site as a fixed effect, 
initial stem diameter as a covariate, and plot as a random effect.  The effect of frequency of 
herbivory on plant fitness was analyzed using generalized linear models with negative binomial 
errors (log link) for fruit and flower number, and binomial errors (logit link) for proportion fruit 
set. The fruit set model was estimated using quasi-likelihood methods because of over-dispersion 
in the data.  The number of bouts was treated as a factor (levels = 1-4) with initial stem diameter 
as a covariate.
To determine if intensity of herbivory varied between sites, analysis was carried out with an 
ANOVA since the linear mixed effects model using plot as a random effect did not improve the 
fit (likelihood ratio = 0, p = 1). The initial model included arcsin transformed proportion tissue 
removed as the response variable, site as a factor, and initial stem diameter as a covariate.
Soil. I analyzed differences in soil nutrients between sites with a linear mixed effect model 
with nested random effects of sample within plot. Model checking revealed an influential point at 
plot WH-A for the potassium data (157 ppm), which was removed to normalize data within plots. 
The models for ammonium and nitrate nitrogen were not improved by random effects (likelihood 
ratio = 2.21, p = 0.137; likelihood ratio = 1.372, p = 0.241, respectively) so a standard ANOVA 
with site as the only factor was used.  Gravimetric moisture content was arcsin transformed 
before analysis with a linear mixed effects model using site as a fixed effect and plot as a random 
effect. Soil matric potential was log transformed after removing a significant outlier from the plot 
Hart C and analyzed with an ANOVA since including plot as a random effect did not improve the 
model fit.
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Competition. After removing two outliers from Whitehorse Meadow plot C (53.77g and 
34.91g), the data fit the assumptions of normality and homoscedasticity and were analyzed with 
a linear mixed effects model to determine if neighborhood aboveground biomass varied between 
sites.  The initial model included site, caging treatment, and their interaction as factors, with the 
biomass of competitors as the response with plot as a random factor.
All analyses except chi-square were conducted using the statistical package R 
(R Development Core Team 2008). Linear mixed effects models were run using lme() from the 
nlme package (Pinheiro et al. 2009). Generalized linear models were run using glm() in the case 
of binomial models and glm.nb() in the MASS package for negative binomial models (Venables 
and Ripley 2002).  All post-hoc multiple comparisons for fitness data were performed using the 
glht() function in the multicomp package and single-step adjusted p values are reported (Hothorn 
et al. 2008).
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CHAPTER 3: RESULTS
Transplanting
For the 1992 and 2002 experiments, there is unfortunately no transplanted control treatment 
at either of the natural populations, so it is impossible to directly assess any effects of the 
transplanting treatment.  In 2009, plants at both sites were transplanted and treated identically.
In the 2009 experiment, 75% of transplanted rosettes survived overwintering (Table 1). 
However, 55% of surviving plants had incurred some apical damage over the winter.  The source 
of this damage could not be determined, however it was not due to ungulate herbivory or 
trampling, as all cages were intact.  Many of the damaged plants had fully intact rosettes except 
for the central leaves surrounding the meristem and the source of the damage was unclear (see 
discussion).  One plot, Hart D, was clearly damaged by small mammals for both caging 
treatments.  Droppings were found around the bases of plants, and the rosette leaves were 
damaged with some plants having few leaves remaining. This damage was distinct from the 
apical damage observed at other plots.  Plot D at Hart Prairie continued to receive herbivory both 
outside and inside the permanent exclosure from small mammals throughout the summer of 2009 
and was therefore excluded from analyses or treated separately because of the different source of 
herbivory at this plot.  Caged and uncaged plants from this plot produced 0 fruits and 2.6 ± 0.73 
flowers (mean ± SE).
   
Herbivory
Fitness impacts of herbivory. For 1992, the analysis of both fruit and flower data showed a 
significant site by herbivory interaction (fruit: !2 = 287.82, p < 0.001; flower: !2 = 101.05, p < 
0.001). Pairwise comparisons showed equal compensation for natural herbivory at both natural 
populations (Fern Mountain and Whitehorse Meadow) and undercompensation at Hart Prairie 
(Fig. 1).  Protected plants at Hart Prairie had much higher fitness than all other treatment 
combinations (fruit number = 173 ± 25.9, flower number = 603 ± 114, mean ± SE). The analysis 
of stem diameter showed only a significant main effect of site on stem diameter (F = 149.97, p < 
0.001). Multiple comparisons showed that the two natural populations differed in stem diameter 
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(p = 0.014), but the magnitude of the difference was not great (Whitehorse = 5.6 ± 0.23 mm, 
Fern = 4.5 ± 0.22 mm, mean ± SE), while both natural sites differed from Hart Prairie (p < 
0.001) to a much greater degree (13.7 ± 0.70 mm, mean ± SE).
In 2002 all plants exposed to herbivory were eaten down to the rootstock before stem 
diameter was measured.  Therefore, no analysis of stem diameter is available for this year.  The 
site by herbivory interaction was significant for both fruit number and flower number (fruit: !2 = 
47.20, p < 0.001; flower: !2 = 80.96, p < 0.001).  Pairwise comparisons show undercompensation 
at both sites, but undercompensation to a greater degree at Hart Prairie mainly because of the 
greater fitness of protected plants (Fig 2).
In contrast to 1992 and 2002, there were no interactions between site and herbivory affecting 
fitness of plants in 2009, with the exception of fruit set.  For the 2009 data, the models describing 
variation in fruit and flower number both included only site and herbivory treatment (Table 2). 
Plants at Hart Prairie produced significantly fewer flowers and fruits than plants at Whitehorse 
Meadow (Fig. 3, Table 3). Contrasts for herbivory treatments show equal compensation for 
flower and fruit number after one simulated bout of herbivory, but undercompensation after 
repeated bouts of natural herbivory (Fig. 3, Table 3). 
The analysis for fruit set showed a marginally significant interaction between site and 
herbivory treatment (Table 2, Fig. 3). Dunnett’s tests within each site reveal the same pattern as 
above: equal compensation for a single bout of simulated herbivory, and undercompensation for 
natural herbivory.
The model for aboveground biomass included only the main effects of site and herbivory 
treatment as well as the covariate (Table 2). Plants were smaller at Hart Prairie and naturally 
browsed plants were smaller than either of the caged treatments (Table 3, Fig. 4).
Additional measures of herbivory for 2009. Incidence of herbivory was not evenly distributed 
between sites either for initial herbivory or cumulative end of summer herbivory (Table 4). After 
two weeks of exposure to herbivory, 48.1% ± 0.114 of all transplants were browsed and by the 
end of the summer, 87.9% ± 0.054 of plants had received some herbivory (means ± SE).  There 
were no significant differences in the frequency of herbivory between sites, with an average of 
2.2 ± 0.10 bouts of herbivory experienced by uncaged transplants over the summer. Similarly, the 
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number of bouts uncaged plants received had no significant effect on fruit number, flower 
number, or fruit set.  Intensity of herbivory was also not significantly different between sites. 
Ungulates removed 46.73% ± 2.22 of stem height (5.6 ± 0.36 cm removed) with the first bout of 
herbivory, and browsed plants had remaining stem heights of 6.3 ± 0.31 cm (means ± SE).
Soil
Organic matter differed significantly between sites (LME, F = 38.08, p = 0.009) with Hart 
Prairie having higher levels (Fig. 5).  Total nitrogen was also significantly higher at Hart Prairie 
(LME, F = 34.52, p = 0.010).  Ammonium nitrogen was significantly higher at Whitehorse 
Meadow (ANOVA, F = 9.06, p = 0.005), and nitrate nitrogen was significantly higher at Hart 
Prairie (ANOVA, F = 14.44, p = 0.001).  Neither potassium nor phosphorus differed significantly  
between sites (K: LME, F= 0.20, p = 0.682; P: LME, F= 0.20, p = 0.682). Gravimetric soil 
moisture content did not differ significantly between sites (LME, F = 5.19, p = 0.107), although 
the trend was toward higher moisture at Hart Prairie (Fig. 6). Soil matric potential was 
significantly more negative at Hart Prairie (F = 46.71, p < 0.001) (Whitehorse = -44.03 ± 1.570 
kPa, Hart = -60.19 ± 1.764 kPa, mean ± SE) (Fig. 6).
Competition
Caging treatment had no significant effect on the biomass surrounding focal I. aggregata 
individuals and produced no significant change in the fit of the model when dropped.  The 
minimum adequate model included only site as a factor, however the effect of site was not 
significant (LME, F = 6.09, p = 0.090) indicating no difference in aboveground biomass of 
neighboring plants between sites.
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CHAPTER 4: DISCUSSION
In the 1992 and 2002 experiments, I. aggregata performed better at Hart Prairie when 
protected from ungulates, but performed significantly worse when exposed to ungulates 
compared to natural populations.  In 2009, however, there is no interaction between site and 
herbivory such that I. aggregata plants performed worse in Hart Prairie compared to Whitehorse 
Meadow regardless of herbivory treatment.  A greater proportion of plants received herbivory at 
Hart Prairie, and I. aggregata produced fewer flowers and fruits when transplanted to Hart 
Prairie.  This is somewhat surprising considering the higher level of nitrogen and organic matter 
at Hart Prairie, and especially surprising considering the results from caged transplants in 1992 
and 2002.  Additionally, in 2009, plants equally compensated for a single bout of simulated 
herbivory and undercompensated for natural herbivory regardless of site, i.e. herbivory had the 
same effect on plants at Hart Prairie as it did in a natural population at Whitehorse Meadow.  
This is also quite different than what we observed previously, especially in 1992 where herbivory 
had drastically different effects on plants in Hart Prairie.  Differences in experimental protocol 
and precipitation may partially explain differences among years.  Overall, there were important 
differences in the compensatory response of plants, the incidence of herbivory, and the fruit set 
of plants between sites that may elucidate some of the reasons that I. aggregata has not 
established and spread in Hart Prairie.
Transplant effects.  The methodology for the transplanting treatments differed in 2009, and 
unfortunately there is no control for transplant treatment for 1992 and 2002.  In 2009, however, 
the same methods were used at both sites to eliminate any confounds of transplant effect.  
Overwinter survival rates of transplanted rosettes were not unusually low (see Table 1).  Brody et 
al. (2007) report a 29.1% mean survival rate of undamaged I. aggregata rosettes to flowering in 
Colorado, and overwinter survival of untransplanted rosettes at Whitehorse Meadow is often 
around 50% (C. Allsup, unpublished data).  The apical damage on overwintering rosettes was 
identical to the vegetative damage seen by Brody et al. (2007), however, the rates of vegetative 
damage in our study are much higher than the range Brody et al. report (mean 15.3% from year 2 
to flowering).  It is not clear what caused this vegetative damage, but insect herbivory, or winter 
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foraging by pocket gophers (Thomomys bottae) or voles (Microtus species) at the snow-soil 
interface are possibilities.  It is also possible that frost damage, which ordinarily affects only 3% 
of overwintering rosettes (Paige 1992a), was exacerbated by transplant stress or that insufficient 
water after transplanting lead to apical meristem damage.  Since we are uncertain whether the 
rate of rosette damage observed in transplants is representative of natural conditions, plants that 
experienced overwinter damage were excluded from further analyses.
Abiotic conditions. Hart Prairie soils were more fertile than Whitehorse Meadow soils with a 
higher organic matter content, higher total nitrogen, and higher nitrate nitrogen.  Soil organic 
matter is a good indicator of soil fertility and acts as both a sink and a source of plant nutrients 
(Manlay et al. 2007). The higher nitrogen at Hart Prairie is likely important to the growth and 
reproduction of I. aggregata as fertilizer experiments have shown that rosettes increase in size 
significantly with nitrogen fertilization, indicating that they are nitrogen limited at least in the 
rosette stage (K.N. Paige, unpublished data).  Although ammonium concentration is lower at 
Hart Prairie, it is likely that plants experience higher nitrogen levels because of the significantly 
higher levels of nitrate and total (organic) nitrogen.  Nitrate is much more mobile than 
ammonium in soil and is generally more available to plants in the soil solution.  There is also 
growing evidence that plants can utilize organic nitrogen in the form of some amino acids, so the 
higher total nitrogen levels at Hart Prairie likely represent a significant source of nitrogen for I. 
aggregata (Bollard 1966; Lipson and Näsholm 2001; Näsholm et al. 2000; Näsholm et al. 2009; 
Persson et al. 2003; Schimel and Bennett 2004). 
Soil moisture was higher at Hart Prairie in June, 2009, although this difference was not 
statistically significant.  The soil water at Hart Prairie was less attainable by plant roots, however, 
as evidenced by the more negative soil matric potential at Hart Prairie.  Unfortunately, soil 
moisture and soil matric potential estimates are not available for the other two years of the study, 
so we are unable to say with certainty that these patterns existed in previous years of the study.  
Yearly variation in precipitation patterns explain some of the differences we see among the three 
years of the study, including the variation in the compensatory response in natural populations. 
Typical precipitation patterns in Flagstaff during the growing season follow a bimodal pattern 
with spring rains continuing though May, a dry period through June, followed by fall monsoons 
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arriving in late July or early August.  Average yearly precipitation is 54.82 cm (50 year average: 
1959-2009).  This typical pattern varied greatly between the three years of transplant 
experiments (Fig. 7).  In 1992, when natural populations of I. aggregata equally compensated, 
precipitation was relatively high (year total: 88.16 cm, see Fig. 7) and both spring rains and fall 
monsoons were present.  In 2002 when natural and experimental populations both severely 
undercompensated, spring rains were and fall monsoons were negligible; overall, total yearly 
precipitation was quite low (32.71 cm).  Precipitation in 2009 falls somewhere between 1992 and 
2002 since bolting I. aggregata rosettes experienced spring rains similar to 1992, but had even 
less monsoon rain than 2002; total precipitation for 2009 was lowest of the three years (29.03 
cm).  The compensatory response of I. aggregata varies with water availability such that 
overcompensation is most common in years of high precipitation and drought years lead to 
undercompensation (Levine and Paige 2004).  Consistent differences in the water availability 
between sites (i.e. the combined effects of soil moisture content and soil matric potential) could 
result in I. aggregata consistently having lower tolerance at Hart Prairie which could limit its 
establishment via impacts on plant fitness.  The interaction between I. aggregata and ungulate 
herbivores is also drought sensitive because ungulates change their behavior in years of low 
precipitation and become less selective as a result of reduced browse availability (Levine and 
Paige 2004).  Although transplants in 2009 did not experience a relative water shortage until late 
July or early August when monsoons failed to arrive, this may have impacted foraging behavior 
by ungulates late in the growing season and lead to higher rates of secondary herbivory.  
Herbivory. Interactions between soil nutrients and ungulate herbivores could be mediated 
either by changes in herbivore behavior in response to changes in I. aggregata plants or by 
changes in the ability of I. aggregata to tolerate herbivory.  First, we examine the effect of 
habitat on the ability of I. aggregata to tolerate herbivory.  
Tolerance and fitness effects of herbivory.  In all three years of the study, plants at nutrient-
rich Hart Prairie undercompensated for natural herbivory to a much greater degree than natural 
populations (protected plants at Hart Prairie produced 173, 123, and 30 times as many fruits as 
naturally browsed plants in 1992, 2002, and 2009 respectively).
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Three models have been developed that explain how changes in limiting resources, such as 
soil nutrients, can result in different tolerance outcomes for plants.  They are known as the 
compensatory continuum hypothesis (CCH), the growth rate model (GRM) and the limiting 
resource model (LRM) (Alward and Joern 1993; Maschinski and Whitham 1989; Wise and 
Abrahamson 2005).  The three models lead to different predictions of the relative levels of 
tolerance I. aggregata should exhibit in a high nitrogen environment compared to a nitrogen poor 
environment.  The CCH would predict higher tolerance in the high resource environment (Hart 
Prairie), while the GRM would predict the opposite—higher tolerance in the low resource 
environment (Whitehorse Meadow).  The predictions of the LRM are not as clear in this case 
since in this model the difference in compensatory ability between sites depends on which 
resources herbivory affects and to what extent it affects them.
In the 1992 transplant experiment, I. aggregata at the high-resource Hart Prairie site 
experienced lower tolerance to herbivory compared to natural populations, which is consistent 
with the predictions of the GRM and potentially the LRM (depending on whether herbivory 
primarily exacerbates carbon limitation or ameliorates meristem limitation).  Herbivory in the 
high-nutrient site reduced plant fitness to well below the fitness of either eaten or uneaten plants 
in the natural populations since the majority of plants were completely destroyed resulting in 
zero fitness. 
In 2002 both the natural populations and the experimental Hart Prairie population 
undercompensated, although protected plants at Hart Prairie still produced more fruits and 
flowers than plants at Whitehorse Meadow.  This can also be interpreted as lower tolerance at the 
high nutrient site.
In the 2009 transplant experiment, however, nitrogen does not appear to be limiting since 
plants at Hart Prairie were smaller, and produced fewer fruits and flowers, although this may be a 
result of plants not accessing the nutrients in Hart Prairie soil due to different transplanting 
methods. In this case, the LRM would predict equal compensatory ability at the two sites.  
Although plants at all sites equally compensated for a single bout of herbivory and 
undercompensated for natural herbivory, I. aggregata has lower tolerance for natural herbivory at  
Hart Prairie.
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Even the flexible LRM may not be appropriate for describing the effects of natural herbivory 
in our experiments, since these models are interested in predicting the physiological ability of 
plants to replace lost tissue in habitats of different resource quantity and quality and they assume 
equivalent herbivory across sites.  However, it appears that the behavior of herbivores also 
differs between natural populations and the experimental populations of this study potentially as 
a result of the effect of soil resources on I. aggregata.
Herbivore behavior.  The results of the 1992 and 2002 transplant experiments are striking, 
not only because protected transplants at Hart Prairie achieved between two- and nine-fold 
higher fitness than natural populations, but also because of the way unprotected plants were 
handled by herbivores.  This was especially evident in 2002, a drought year, when all 
unprotected transplants at Hart Prairie were completely eaten down to, and sometimes including, 
the tap root.  The same pattern, although slightly less pronounced, was also observed in 1992 
when there was higher than average precipitation.  It is unclear what the reasons are for this 
change in ungulate behavior, but it is possible that ungulates perceived changes in plant 
nutritional quality or defensive chemistry as a result of the higher nitrogen content of Hart Prairie 
soils.  Herbivores are expected to focus on nitrogen rich tissues since nitrogen is a limiting 
nutrient in their diets.  If I. aggregata tissue had higher nitrogen levels as a result of higher soil 
nitrogen, and elk and deer are able to sense high nitrogen levels in I. aggregata tissues, they 
should spend more time browsing in the experimental patches at Hart Prairie compared to 
patches in natural populations (Mattson 1980).  The defensive chemistry of I. aggregata may 
also have changed as a result of higher nitrogen levels at Hart Prairie.  One of the primary groups 
of defensive compounds in I. aggregata is the cucurbitacins (Arisawa et al. 1984; Juenger et al. 
2005).  Cucurbitacins (triterpenes) represent a carbon based defense and the carbon/nutrient 
balance hypothesis would predict that cucurbitacin synthesis would be reduced under high 
nitrogen conditions where carbon would instead go toward plant growth (Bryant et al. 1983).  
There is limited support for this hypothesis with terpenes, however, although most tests of this 
hypothesis use woody species rather than herbs (Haukioja et al. 1998; Koricheva et al. 1998; 
Muzika 1993; Muzika et al. 1989; Reichardt et al. 1991).  It is still possible that the nutritional 
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quality of I. aggregata tissue increases disproportionately to its defensive capabilities under 
elevated nitrogen levels, and ungulates are able to sense this and therefore consume more tissue.
In 2009 we quantified differences in herbivore behavior in more detail by tracking the 
incidence of herbivory, showing how many plants per experimental I. aggregata patch were 
eaten; the frequency of herbivory, showing how often ungulates return to the same patches and 
browse the same plants; and intensity of herbivory which may reflect bite size of ungulates.  
Besides the small mammal herbivory that one plot at Hart Prairie received, the only difference in 
herbivore behavior between the two sites was in the incidence of herbivory.  That is, significantly 
more plants at Hart Prairie were browsed, both in the spring and by the end of summer.  
Ipomopsis aggregata is one of the earliest food sources for ungulates in the areas where it occurs 
and a favored food source for ungulates (K.N. Paige, personal observation).  It is possible that 
transplants at Whitehorse Meadow gain some protection by being surrounded by a large 
population of other I. aggregata plants so that patches where ungulates stop to feed are nearly 
equivalent within this site.  At Hart Prairie, an ungulate that happens upon one of the 
experimental plots is predicted to browse longer at this patch compared to other patches 
assuming that bolting I. aggregata plants are indeed perceived as a high quality food by 
ungulates (Charnov 1976; Senft et al. 1987).  Elk and deer browsing is also effected by water 
availability as mentioned before.  However, the sites are in such close proximity that differences 
in precipitation between sites are unlikely. 
Small mammal herbivory affects I. aggregata differently than ungulate herbivory and may be 
important in determining the spread of the plant.  Plants in the plot closest to the Fern Mountain 
population of I. aggregata at Hart Prairie were devastated both inside and outside of the ungulate 
exclosure by small mammals—likely rock squirrels (Spermophilus variegatus) and jack rabbits 
(Lepus californicus) (personal observation) and produced zero fruits.  This plot was very near 
shrubs and rocky outcroppings that may provide protection from predatory birds (Brown et al. 
1988; Simonetti 1989).  This small mammal habitat at the base of Fern Mountain could therefore 
act as a barrier to the spread of I. aggregata, especially since the plant has no specialized 
dispersal mechanism and seeds are not likely to be dispersed over great distances (Waser and 
Price 1983). Cantor and Whitham (1989) found the opposite pattern with quaking aspen spread at 
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the same site (Fern Mountain) where their spread was limited by root herbivory by pocket 
gophers and they were protected, in this case, by rock outcroppings that limited access to 
belowground herbivores.
The different outcomes of the 1992/2002 preliminary experiments and the 2009 experiment 
may potentially be explained by differences in precipitation as explained above, but differences 
in experimental protocol may additionally explain the different response we see, particularly that 
protected transplants in Hart Prairie actually performed worse in 2009.  In the early experiments, 
transplanting entailed loosening soil and eliminating above and belowground competition at Hart 
Prairie.  In contrast, transplanting with little disturbance in 2009 may not have allowed the roots 
of transplants to grow beyond the soil plug they were planted in and they may not have had 
access to the nutrients in Hart Prairie soil. It is also possible that in the 2009 experiment, I. 
aggregata was more nutrient limited at Hart Prairie despite the higher levels of total nitrogen, 
nitrate, and organic matter due to the effects of belowground competition.  From personal 
observations when transplanting plants in each site, digging was much more difficult at Hart 
Prairie because of the dense root networks of grasses, and mat-forming species like Geum 
triflorum and Potentilla hippiana, which are common at Hart Prairie and absent from Whitehorse 
Meadow. These mat-forming species were not tall growing and would not contribute 
significantly to differences in aboveground competition, but could potentially create differences 
in belowground competition for nutrients and water.
Fruit set.  In addition to lower fruit and flower number at Hart Prairie in 2009, plants at this 
site also experience significantly lower rates of fruit set.  The low fruit set at Hart Prairie could 
be an issue of pollination since I. aggregata is highly self-incompatible and therefore dependent 
on pollination services (Campbell 1989).  Pollinators may not have been as efficient at this site 
due to the small patch sizes of I. aggregata, although studies on other montane herbs have shown 
little effect of population size or density on pollinator efficiency (Bosch and Waser 1999; Bosch 
and Waser 2001; Kunin 1997).  Kunin (1997) found that population size had no effect on 
pollination of Brassica kaber, but higher population densities resulted in higher pollinator 
efficiency.  Bosch and Waser (1999) found lower fruit set in sparser populations of two montane 
herbs but no difference in pollinator visitation per flower.  They concluded that the difference in 
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fruit set was likely due to habitat quality, i.e. the same environmental factors contributing to low 
plant density were also limiting seed production.  In our studies, the low fruit set of plants at Hart 
Prairie is manifested primarily in the natural herbivory treatment (e.g. 2009 unclipped plants at 
Hart Prairie and Whitehorse Meadow had 46% and 21% fruit set, respectively, while naturally 
browsed plants at Hart Prairie had only 4% fruit set compared to 12% for Whitehorse Meadow).  
Therefore it is likely that the same abiotic factors that result in smaller plant size and lower 
flower production at Hart Prairie combined with the stress of herbivory may have limited the 
resources available to I. aggregata for seed development and many flowers may have been 
aborted despite adequate pollination.  This effect could have additionally been exacerbated in 
2002 and 2009 by the lack of monsoon rains that generally arrive at a critical time when plants 
are flowering and evapotranspiration is high.  Whether the lower fruit set of I. aggregata 
transplants at Hart Prairie was due to lower pollinator efficiency or physiological stresses on the 
plant, it demonstrates another way in which the spread of I. aggregata into Hart Prairie may be 
limited.
Competition.  Aboveground biomass of neighboring plants did not vary between sites and on 
its own cannot account for differences between Whitehorse Meadow and Hart Prairie.  A study 
by Maschinski and Whitham (1989) on I. arizonica, a close relative of I. aggregata with a 
similar life history and growth form, showed that nitrogen additions alleviate the effects of 
aboveground competition in terms of overall fitness and compensatory ability.  However, in the 
2009 transplant experiment, growth and fitness of I. aggregata was lower at Hart Prairie despite 
higher levels of total nitrogen and nitrate.  There are many factors that differ between the two 
sites besides nitrogen levels, including the plant communities which have very little overlap 
between sites (personal observation), and further studies would be needed to elucidate 
differences in above and belowground competitive ability of common plants at these sites.
Other considerations.  Although I did not examine germination or seedling survival at Hart 
Prairie, it should be noted that I. aggregata recruitment is both microsite and seed limited and is 
likely reliant on disturbance produced by pocket-gophers and mud slides that is not nearly as 
common at Hart Prairie compared to Whitehorse Meadow (Juenger and Bergelson 2000).  The 
few patches of I. aggregata at Hart Prairie were either near dirt roads or in the few areas that 
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show high levels of pocket gopher activity, thus disturbance may also be a major factor limiting 
the establishment of I. aggregata at Hart Prairie.
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CHAPTER 5: CONCLUSION
This study shows the importance of both direct and indirect effects of habitat conditions on 
the growth and reproduction of I. aggregata.  Effects of abiotic conditions on the growth, 
reproduction and tolerance as well as habitat dependent changes in patterns of herbivory have 
important implications in determining the range and distribution of this plant.  To date, 
theoretical models describing plant tolerance and distribution assume no interaction between 
herbivory and abiotic conditions or habitat, which is clearly not the case in the real world.  
Several studies on the impacts of herbivory on plant distribution have explored the variation in 
herbivore abundance or intensity among sites (Fine et al. 2004; Louda and Rodman 1996; Maron 
and Crone 2006), but the literature on variation in tolerance to herbivory has largely assumed 
equivalent herbivory across sites (Alward and Joern 1993; Maschinski and Whitham 1989; Wise 
and Abrahamson 2005; Wise and Abrahamson 2007; Wise and Abrahamson 2008). To 
completely understand how abiotic and biotic conditions affect plant distribution, we need a 
better understanding of how the impacts of herbivory on plants and patterns of herbivory vary 
over space, time, and abiotic conditions.  Therefore, future studies on the impacts of abiotic 
conditions on plant tolerance that consider covariation in herbivore abundance or behavior and 
abiotic conditions will lead to a more thorough understanding of the reasons for changes in 
tolerance and may help to explain the distribution of plants.
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CHAPTER 6: TABLES
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Plot
Caging 
treatment
Surviving 
rosettes
Undamaged 
rosettes
% survival % damaged
WH-A Caged 43 25 86% 41.86%
Uncaged 43 20 86% 53.49%
WH-C Caged 27 12 54% 55.56%
Uncaged 19 8 38% 57.89%
Hart C Caged 44 28 88% 36.36%
Uncaged 29 18 58% 37.93%
  Hart D† Caged 39 1 78% 97.44%
Uncaged 40 0 80% 100.00%
Hart E Caged 46 21 92% 54.35%
Uncaged 45 34 90% 24.44%
Table 1  Overwinter survival and damage of transplanted rosettes. % survival is the 
percentage of the 50 transplants that survived for each caging treatment at each plot. % 
damaged is the percentage of rosettes experiencing vegetative damage over the winter.
     † Damage at this plot represents the effects of small mammal herbivory in addition to 
factors affecting the other plots.
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Source Df F/!2 abc p-value
Flower numbera
   Site 1 13.51           < 0.0001   
   Herbivory 2 71.56           < 0.0001   
   Residual 112
Fruit numbera
   Site 1 42.63           < 0.0001   
   Herbivory 2 85.14           < 0.0001   
   Residual 112
Fruit setb
   Site 1 92.53           < 0.0001   
   Herbivory 2 24.71           < 0.0001   
   Site*herbivory 2 3.25             0.0424
   Residual 107
Above-ground biomassc
   Site 1 28.51           < 0.0001   
   Herbivory 2 4.84             0.0097
   Stem diameter† 1 20.28           < 0.0001   
   Residual 111
a !2 values from an analysis of deviance reported.
b F values from an analysis of deviance reported.
c F values from an anlysis of variance reported.
†Covariate
Table 2 Analysis of variance/analysis of deviance tables for the 
minimum adequate models from analyses of fitness measures for the 
2009 transplant experiment.
26
Site N % Browsed Observed Expected
Early
   Whitehorse 62 43.55% 27 32.77
   Hart 74 62.16% 48 39.11
End of Summer
   Whitehorse 57 86.00% 49 50.96
   Hart 70 92.90% 65 62.59
Table 4 Incidence of herbivory for early browsing (within two weeks of 
temporary cage removal) and end of summer cumulative browsing. The chi 
square for both time periods is significant (early: !2=80.73, p<0.0001; late: 
!2=9.68, p=0.002).
Main effect
Aboveground 
biomass (g) Flower number Fruit number
Site
   Whitehorse Meadow 7.10 ± 0.587 a 162 ± 20.9 a  68 ± 11.4 a
   Hart Prairie 4.25 ± 0.256 b   90 ± 11.5 b 11 ± 2.6 b
Herbivory
   Unclipped 7.15 ± 0.905 a 245 ± 31.4 a 90 ± 17.4 a
   Clipped 5.54 ± 0.492 a 177 ± 18.0 a 56 ± 11.0 a
   Natural herbivory 4.69 ± 0.353 b 53 ± 7.0 b 5 ± 1.8 b
Table 3  Main effects of site and herbivory treatment on flower number, fruit 
number and aboveground biomass.  Means ± SE are presented for levels of each 
factor.  There were interactions present in the model for fruit set, so these means 
are not shown.  Letters indicate significance of pairwise comparisons within each 
main effect (p < 0.05).
CHAPTER 7: FIGURES
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Fig. 1  Fruit and flower numbers of browsed and unbrowsed I. aggregata from natural 
populations (Fern Mountain and Whitehorse Meadow) and experimental population at Hart 
Prairie in 1992.  Letters above bars indicate significant differences by Tukey contrasts (p < 0.05).  
Bars represent ± 1 SE.
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Fig. 2  Fruit and flower numbers of browsed and unbrowsed I. aggregata from a natural 
population at Whitehorse Meadow and the experimental population at Hart Prairie in 2002.  
Letters above bars indicate significant differences by Tukey contrasts (p < 0.05).  Bars represent 
± 1 SE.
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Whitehorse! ! !         Hart
Fig. 3  Mean flower number (A), fruit number (B), and proportion fruit set (C) for herbivory 
treatments across sites. Unclipped and clipped treatments were caged and protected from 
ungulate herbivory while natural herbivory treatments were unprotected.  Letters in C represent 
significant differences from the unclipped treatment within each site (p < 0.05).  For comparisons 
of site and herbivory treatment for flower and fruit number see Table 3.  Bars represent ± 1 SE.
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Fig. 4  Aboveground biomass of I. aggregata at the two study sites.  Unclipped and clipped 
treatments were caged and protected from ungulate herbivory while natural herbivory treatments 
were unprotected.  For multiple comparisons of site and herbivory treatment see Table 3.  Bars 
represent ± 1 SE.
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Fig. 6 Gravimetric soil moisture (A) and soil matric potential (B) for the two study sites.  Bars 
indicate ± 1 SE.  Asterisks represent significant differences between sites: *** p < 0.001
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Fig. 7 Monthly precipitation totals for the three years of the study from April through September.  
Data taken from the National Climatic Data Center for the Flagstaff Pulliam Airport 
meteorological station in Coconino county, AZ.
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